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There is an increasing interest in the use of thick (more than 25 mm) polymer-matrix 
composite materials in marine structures. At the present time, the U.S. Navy is employing state-of-
the-art polymer-matrix composite materials in the construction of submarine bow domes and is 
interested in the use of more-advanced materials in submarine pressure hulls and specialized sonar 
transducers. Concurrently, there appears to be considerable interest in the commercial sector, 
particularly in off-shore construction, where polymer-matrix composites are used in buoyancy 
materials, ropes and risers. 
Thick polymer-matrix composite materials intended for load-bearing marine applications 
are subject to different operating environments than similar materials intended for aerospace 
applications. In contrast to materials intended for aerospace applications, such as solid-rocket 
motors (SRMs), certain materials intended for marine applications must be able to withstand very 
large compressive and bending forces. For this reason, they are subject to different nondestructive 
evaluation (NDE) requirements. In this paper, we concentrate on the NDE requirements of poly-
mer-matrix materials intended for deep-submergence applications. 
Although there is certainly an interest in the detection of manufacturing defects, particu-
larly delaminations and cracks, the real needs are in the area of material-property characterization. 
In particular, there is a need for NDE techniques capable of quantifying material attributes that 
directly affect properties such as compressive strength and interlaminar shear strength. 
EFFECT OF MATERIAL SYSTEM ON PERFORMANCE AND NDE REQUIREMENTS 
It is important to keep in mind that polymer composites are different from metals. Poly-
mer-matrix composite materials carry loads in fibers, which are bound together by a viscoelastic 
matrix. As a consequence, out-of-plane loads that can generally be ignored in many metal struc-
tures can cause catastrophic failures of structures made using polymer-matrix materials. 
In general, there are two classes of polymer-matrix materials under consideration for deep 
submergence applications: (1) thermosets and (2) thermoplastics. In both cases, the reinforcement 
may be glass fibers, graphite fibers, or hybrids of the two. 
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1he main problems with thennoset materials such as epoxy are related to exothenns produced 
during resin curing. Thennoplastic materials, such as polyetherether ketone (PEEK), exhibit variations 
in properties due to problems in viscosity control during in situ bonding of the matrix. 
Generally, to realize the potential strength-to-weight and weight-to-displacement advan-
tages, it is desirable that polymer-matrix composite materials intended for pressure-hull and 
similar applications exhibit the following attributes: 
• Straight Fibers 
• Uniform Fiber/Resin Ratios 
• Very Low Void Content (less that 1% porosity) 
• "Low" Impact Damage 
• "Low" Residual Stresses 
• "High" Interlaminar Shear Strength. 
Current acceptance criteria are based on destructive tests, which are typically performed 
on tag ends and subscale models [1]. It is our experience that such acceptance criteria are not 
sufficiently reliable for qualifying many materials intended for load-bearing marine applications. 
In particular, we believe that the complete integrity of polymer-matrix materials intended for 
critical deep-submergence applications can only be insured by using qualified NDE methods and 
instrumentation. In particular, appropriate NDE tools are needed for in-process, post-process, and 
in-service characterization of material properties. 
ROLE OF ADVANCED ULTRASONICS IN NDE OF THICK MARINE COMPOSITES 
Radiographic methods are widely used in NDE of thick polymer-matrix composite aero-
space structures, such as SRMs. Unfortunately, the traditional radiographic methods are generally 
inappropriate in the case of thick polymer-matrix composite materials intended for deep-submer-
gence applications. The same comment applies to other traditional and advanced NDE methods, 
including eddy-current and thermal-wave methods [2]. On the other hand, ultrasonic methods 
appear to offer particular promise, because ultrasonic wavelengths are comparable in size to inter-
layer dimensions and can penetrate deeply into the material. These attributes are needed to probe 
the key physical properties that determine strength: fiber/resin ratio, porosity content, fiber/resin 
bonding, fiber alignment, and other fiber-scale features of a material [3]. 
Historically, ultrasonic methods have not been widely used by the aerospace industry for 
NDE of thick polymer-matrix composite materials, because of the widely held perception that they 
lack adequate signal-to-noise performance. However, recent developments in high-power ultra-
sonic instrumentation [4] and understanding of elastic-wave scattering in highly-anisotropic media 
[5] have resulted in new NDE approaches that may be particularly appropriate for qualifying thick 
polymer-matrix composite materials for critical deep-submergence applications. 
In this paper, we report a number of recent experimental results. In our experimental 
work, we have emphasized fiberglass/ epoxy material systems. However, we believe that our 
methods are also applicable to other material systems. The reported results demonstrate that an 
appropriately-designed ultrasonic approach can assure sensitivity to the material anomalies and 
flaws of most concern to the design engineer. In particular, we show that the following material 
features can be detected: 
• High-Contrast Features 
- Cracks and Delaminations 
- Inclusions 
• Low-Contrast Features 
- Voids and Porosity-Content Variations 
- Fiber/Resin Ratio Variations 
- Fiber/Resin Bonding Variations 
• Geometric Features 
- Thickness Variations 
- Surface Roughness. 
At the present time, we believe that, with additional refinements, ultrasonic NDE methods 
will be sensitive to the following important material features: 
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• Low-Contrast Features 
- Fiber IResin Bonding Variations 
- Residual Stresses 
• Geometric Features 
- Fiber Waviness. 
In the following section, we describe the operation of a pulse-echo ultrasonic NDE system 
for inspecting relatively thick (44 mm) elliptical shells. Next, we present specific results, discuss 
unresolved issues, and state our opinion in regard to acceptance criteria for different types of 
material conditions that are thought to affect the fitness for service of fiberglassl epoxy materials 
for deep-submergence applications. We also note that selection of fabrication process and material 
system can have a profound effect on inspectability. 
INSTRUMENTATION FOR PULSE-ECHO FLAW DETECTION AND MATERIAL-PROPERlY 
CHARACTERIZATION 
Figure 1 shows a block diagram of an ultrasonic inspection system whose components 
have been carefully selected for sensitivity to two low-contrast features of particular concern: fiber I 
resin ratio and porosity. The configuration of our inspection system differs in fundamental re-
spects from configurations of ultrasonic inspection systems that have been traditionally employed 
for flaw detection in metals [6). 
The electrical performance specifications of our system far exceed those of traditional 
ultrasonic instruments in terms of bandwidth, sensitivity, and linearity [2). Specifically, our system 
operates in the 100 KHz-10 MHz frequency region and is linear over a 60 dB range. Our 450-Volt, 
"square-wave" pulser has a very low output impedance (10 ohms), which is also maintained in the 
"off" state. This unique feature facilitates the operation of a very fast magnetic diplexer (transmit-
receive switch), which is needed for efficient pulse-echo operation. The low output impedance of 
our pulser also reduces the ultrasonic transducer "ring-down" time. (To further minimize "ring-
down" time, the pulse duration was limited to approximately 100 nanoseconds.) 
Another notable feature of our ultrasonic "front end" is the lack of analog signal-process-
ing in the receiver, other than broadband amplification and high-pass (100 KHz) and low-pass (12 
MHz) filtering. In contrast to traditional approaches, which rely on analog signal-processing 
circuits, we rely entirely on digital signal processing. The fidelity of the received radio-frequency 
(RF) signals is preserved by the 9-bit, 400 megasample/sec analog-to-digital (AID) converter. 
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Fig. 1 Pulse-echo inspection configuration. 
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EXPERIMENTAL CONFIGURA nON FOR NOE OF FIBERGLASS/EPOXY STRUCTURES WITH 
44-MM WALL THICKNESS 
Figure 2 illustrates the physical configuration of an elliptically-shaped fiberglass/epoxy 
structure that has been the object of one of our recent investigations. This figure also illustrates the 
test grid that was used to collect ultrasonic data. The periphery of the structure is marked using an 
alphabetical sequence ranging from A to AF. Along the vertical direction, a numerical sequence is 
employed. The spacing between the grid points is approximately 75 mm. 
In a typical experiment, we used I-MHz broadband tranaducers whose wear plate-materi-
als were intentionally selected to maximize the power-band width-product characteristics of the 
probing ultrasonic signals. The transducer active diameter was 12 mm. To facilitate intimate 
coupling, we used petroleum jelly. 
At each grid point, material thickness was measured using a micrometer. This measure-
ment was needed to facilitate accurate longitudinal-wave, phase- and group-velocity determina-
tions. Figure 3 shows the thickness profile of one of our test specimens. 
Fig. 2 Test grid for thick composite shells. 
Fig. 3 Shell #1 - Thickness variation 
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In our study, we examined structures made using two different fiberglass/epoxy fabrica-
tion processes: (1) wet-filament winding and (2) pre-preg tow winding. Figures 4 and 5 show the 
typical appearance of the ultrasonic signals recorded in the two material systems. It should be 
noted that our data are recorded in an A-scan format that preserves the full phase information. 
This information can be used in conjunction with fabrication records to identify and characterize 
specific material-property variations. 
It is interesting to compare the signals in Fig. 4 (pre-preg tow) with those of Fig. 5 (wet-
filament). The back-face signals in Fig. 4 are significantly stronger than those in Fig. 5. In addition 
to the back-face signals, two additional signals appear in Fig. 4. The additional signals are caused 
by the presence of very thin interfaces within the wall of the pre-preg tow material. The strength of 
these additional signals, relative to the amplitude of the back-wall echo, illustrates the longitudinal-
resolution and sensitivity capabilities of our ultrasonic NDE system. 
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Fig. 4 Ultrasonic signals from pre-preg tow wound structures. 
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Fig.5 Ultrasonic signals from wet-filament wound structure. 
Detection of Delaminations and Cracks 
Figure 6 shows a coarse B-scan record obtained from a pre-preg tow wound structure that 
delaminated during a post-fabrication operation. The presence of the delamination is clearly 
evident as pointed out with the arrows in the figure. Also, the interface signals are missing from 
some of the individual A-scans as would be expected in the presence of open delaminations. 
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Fig. 6 B-scan of damaged pre-preg shell, column AA. 
Detection of Material-Property Variations 
Ultrasonic velocity measurements provide a sensitive means for quantifying properties 
such as fiber/resin volume and void content. Fiber/resin variations generally result in shifts in the 
phase velocity, but do not cause dispersion. On the other hand the presence of porosity affects 
both group and phase velocities. High pore contents also result in significant frequency-dependent 
attenuation. 
We have used digital signal-processing techniques to calculate the frequency spectra of the 
received signals. The frequency-domain data were used to determine the phase- and group-
velocities and attenuation. Figure 7 shows the amplitude spectra of the first- and second-interface 
reflections in the pre-preg tow material. It is evident that the center frequency of the second signal 
is shifted to approximately 0.35 MHz. The center frequency of the first-interface signal is approxi-
mately 0.5 MHz, the same as the nominal frequency of the transducer. This frequency shift is 
indicative of a frequency-dependent loss mechanism that also causes velocity dispersion. We 
attribute these effects to the presence of very small amounts (less than 1 %) of porosity. 
Figure 8 shows a plot of the elastic-wave group velocity (at about 0.5 MHz) as a function of 
poSition around the perimeter of a wet-filament wound structure. This same figure also contains a 
plot of the fiber content and shell thickness. A detailed examination of the data shows strong 
correlation between fiber content and group velocity. (In this case, we were unable to accurately 
determine the phase velocity because of poor quality of low-frequency data.) 
Figure 9 shows a plot of the ultrasonic losses, including diffraction, around the perimeter 
of the same wet-filament wound structure. This same figure also contains a plot of the pore content 
and shell thickness as a function of position around the periphery. Unfortunately, the two plots are 
not strongly correlated. We attribute this discrepancy to the high elastic inhomogeneities inherent 
to the wet-filament winding process. In the future, we plan to reduce the effect of inhomogeneities 
on attenuation measurements by using very small, "phase insensitive", receiver transducers [2J. 
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Fig.8 Elastic-Wave velocity vs. thickness and fiber content for wet-filament wound structure. 
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Fig, 9 Ultrasonic attenuation vs. thickness and porosity for a wet-filament wound structure. 
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CONCLUDING COMMENTS 
Ultrasonic NDE of thick polymer-matrix materials is feasible. New pulse-echo circuit 
designs permit recording of high-fidelity, RF signals. The recorded signals can be processed 
digitally to extract phase- and group-velocities, which can be related to important material param-
eters such as fiber volume and void content. In addition, attenuation can be measured more 
reliably in the frequency domain. The time-domain data are useful for delamination and crack 
detection. 
The inspectability of thick polymer-matrix materials is strongly influenced by the selection 
of material system and fabrication process. In our studies, we found that pre-preg roving wound 
fiberglass/epoxy materials exhibit very low ultrasonic attenuation, because the manufacturing 
process promotes low void content and high homogeneity. On the other hand, materials made 
using the wet-filament winding process were found to exhibit very high and highly variable losses. 
We attribute these effects to the high pore content and variations in fiber volume function. 
We believe that our broadband, pulse-echo method is satisfactory for NDE of pre-preg 
wound materials. However, reliable measurements of phase- and group-velocities in wet-filament 
wound materials will probably necessitate the use of variable-frequency methods [7]. Such meth-
ods are more difficult to implement than the pulse-echo method described in this paper. 
Considerable further development of ultrasonic techniques is needed. In particular, 
capabilities for reliable detection of fiber-waviness and residual-stresses are needed. Also, new 
transducer designs are needed to improve reliability of flaw detection and material-property 
characterization in material systems that exhibit high elastic inhomogeneities. Above all, since 
quantitative determination of material characteristics such as pore content is material sensitive, 
reliable calibration methods and transfer standards must be established. 
At the present time, we believe that fiberglass/epoxy materials for deep-submergence 
applications should contain less than 1 % porosity by volume and that the fiber volume should be 
in the 50-60% range. Furthermore, variations in these properties should not exceed 10% and 
residual stresses should be minimized by application of suitable process controls. 
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